1. The regulation of renal gluconeogenesis was studied in rats made septic by a caecal ligation and puncture technique.
INTRODUCTION
Sepsis, which can be a complication of major trauma such as burns or abdominal surgery, is associated with changes in carbohydrate, protein and lipid metabolism [l-41. The resulting septic complications lead to a condition described clinically as a failure of major organ systems.
The liver and kidneys are the major gluconeogenic tissues of the body. The gluconeogenic capacity of the renal cortex in vitro is comparable with that of the liver on a unit weight basis [5] , but due to the relative organ size, renal gluconeogenesis provides about 25% of total glucose synthesized under normal conditions [6] . However, after prolonged starvation, renal glucose output approaches that of the liver, not only because of the increased renal gluconeogenesis but also because of an absolute decrease in hepatic gluconeogenesis [6, 7] .
Hepatic gluconeogenesis has been reported to either increase or decrease after the induction of sepsis . Moreover, renal gluconeogenesis has been shown to increase in diabetes [6] , metabolic acidosis [6, 12, 131 and hepatic failure , with the contribution to glucose synthesis being as much as 50% and in some cases of hepatic impairment almost 95% [14, 15, 171 . Recently, Ardawi et al. [18] described impaired hepatic gluconeogenesis in septic rats after caecal ligation and puncture, but it is not known if the latter is associated with changes in renal gluconeogenesis.
A considerable amount of work has been performed on the control of renal gluconeogenesis in different condi-tions (e.g. starvation, acidosis and diabetes) (for a review see [ 19] ), but little work has been carried out on the control of this process in sepsis. Hence, the present study was carried out to provide information on the regulation of renal gluconeogenesis in rats in which sepsis was induced by caecal ligation and puncture [20] . Thus the maximum activities of key enzymes and concentrations of key metabolites in the pathways of glycolysis and gluconeogenesis have been measured in extracts of kidneys from septic and sham-operated control rats.
MATERIALS AND METHODS

Animals and materials
Male Wistar albino rats (180-220 g) were supplied by the Animal House of King Fahd Medical Research Centre, College of Medicine and Allied Sciences, King Abdulaziz University, Jeddah, Saudi Arabia. All chemicals and enzymes were obtained from sources described previously [2 1,221 .
Treatment of animals
This study was conducted in accordance with the National Institute of Health guidelines for the use of experimental animals. Rats were maintained on a standard diet [commercial rat pellets containing (w/w) approximately 18% protein, 3% fat, 77% carbohydrate and 2% of an inorganic salt mixture with a vitamin supplement (Grain Silos and Flour Mills Organization, Jeddah, Saudi Arabia)] and were allowed water ad libitum. Animals were kept in a controlled environment (constant temperature 24°C and a light cycle of 12 h on/12 h off). Animals were starved for 48 h after induction of sepsis (see below) or laparotomy but were allowed water. They were housed individually. Body weight, volume of urine and weight of faeces were recorded daily. Animals were killed by cervical dislocation 48 h after the caecal ligation or laparotomy.
In the present work, sepsis was induced via a caecal ligation and puncture technique [20] . All operations were carried out under pentobarbital (40 mg/kg body weight) anaesthesia. A midline laparotomy was performed on the sham-operated animals: the caecum was mobilized by incising the mesocaecum and returned to the abdominal cavity. In the septic groups, after mobilization of the caecum, the faeces were milked into the caecum, which was then ligated with a single 3.0-silk ligature in such a manner that the bowel continuity was maintained. The antimesenteric surface of the caecum was punctured once with a 2 1-gauge needle, and the bowel was returned to the abdominal cavity. The abdominal wall was closed in two layers and all rats received 0.9% (w/v) NaCl(2.5 m1/100 g body weight) subcutaneously. With this procedure an experimental peritonitis is created in which rats go through the hypermetabolic hyperdynamic septic state as described by Wichterman et al. [20] . A single puncture with a smaller needle gauge than that used previously was chosen so that the peritonitis could develop at a slower rate and allow animals to starve and survive for 48 h [ 11, 181. It was decided to use starved animals, since dietary nutrients cannot be absorbed in this model, and this is likely to be the case in patients with intra-abdominal sepsis (see [ 181).
Rectal temperature and haemodynamic measurements
The rectal temperature of the rats was measured by using a temperature monitor (model Ellab, type te-3-5; Ellab., Copenhagen, Denmark) with thermo-electrodes. Three different temperature readings were made over 30 min for each rat and the mean value was taken.
For the measurements of haemodynamic parameters, rats were anaesthetized with ether, and a 22-gauge polytetrafluoroethylene catheter was inserted into the left common carotid artery. Blood pressure and heart rate were recorded with a Gould P231D transducer (Gould Inc., Recording Systems, Cleveland, OH, U.S.A.). The mean arterial pressure was derived electronically through an integrator circuit. Cardiac output was measured by the thermodilution technique as previously described [23] .
Preparation of homogenates and assay of enzyme activities
Animals were killed by cervical dislocation. The kidneys were rapidly removed, weighed, and the renal cortex was homogenized in 5-10 vol. of appropriate extraction medium by using a Polytron homogenizer (PCU-2 Kinematica GmbH, Kriens-Lucerne, Switzerland) at position 6 for 10-20 s at 0°C. Homogenates for all enzymes, except phosphoenolpyruvate carboxykinase (EC 4.1.1.49) and pyruvate carboxylase (EC 6.4.1.1), were centrifuged at 13 800 g for 3 min (Beckman microfuge; Beckman Instruments, Fullerton, CA, U.S.A.), and the supernatants were used for enzyme assays. For the assay of phosphoenolpyruvate carboxykinase, the extraction medium contained 30 mmol/l mercaptoethanol. For the assay of pyruvate carboxylase, the extraction medium contained 50 mmol/l triethanolamine, 0.3 mmol/l sucrose and 1 mmol/l ethylenediaminetetra-acetic acid, pH 7.2. The homogenates were centrifuged at 13 800 g for 10 min and the pellets were resuspended in an equal volume of homogenization buffer plus 0.05% (v/v) Triton-X-100. The resuspended pellets were used for assay of the enzyme. The extraction media for all enzymes studied were as previously described [24] .
Enzymes were assayed either spectrophotometrically at 25°C with a recording spectrophotometer (model 260; Gilford, Oberlin, OH, U.S.A.) or radiochemically at 30°C with an LKB 121 1 Rack-Beta scintillation counter, (LKB, Wallacoy, Turku-10, Finland). Enzyme activities were assayed as previously described [25] . The final volume of assay mixtures in all cases was 1.0 ml. For all enzymes studied, preliminary experiments established that extraction and assay procedures were such as to provide maximum enzyme activities [24] .
Extraction of blood for metabolite determinations
Rats were anaesthetized with ether, and blood was withdrawn into heparinized syringes by cardiac puncture. Samples (4.0 ml) were quickly added to ice-cold HCIO, ( 1 O%, V/V) and used for metabolite determinations after deproteinization and neutralization (see [25, 26] ).
Extraction of kidneys for assay of metabolites
Animals were killed by cervical dislocation. The kidneys were quickly removed and freeze-clamped between aluminium tongs pre-cooled in liquid nitrogen. The frozen kidneys were stored in liquid nitrogen until required for extraction. The preparation of renal extracts for metabolite determinations was as previously described [26] and determinations of metabolite concentrations were completed on the same day as preparation of the extract.
Preparation and incubation of renal tubules
Sham-operated and septic rats were killed by cervical dislocation and renal cortical tubules were removed and placed in ice-cold Krebs-Henseleit saline, pH 7.4 [27] , previously gassed with O,/CO, (19: 1) for 30 min. After decapsulation the renal cortex was sliced with a Stadie Riggs microtome. The tissue suspension was obtained after digestion at 37°C for 30 min in a medium containing collagenase (1 mg/ml) and bovine albumin ( 5 mg/ml). Viability of renal tubules was tested by measuring the concentrations of adenosine 5'-triphosphate (ATP) and adenosine 5'-phosphate (AMP): a constant cellular ATP/ AMP concentration ratio was maintained throughout the incubation periods. Renal tubules were resuspended in incubation medium.
Incubations were performed at 37°C in 20 ml Erlenmeyer flasks that had been treated with silicone. Freshly prepared renal tubules were added to incubation medium, which consisted of Krebs-Henseleit saline solution containing defatted albumin [final concentration 2.5% (w/v)] and added substrate(s). The gas phase was O,:CO, (19: l ) , and flasks were shaken continuously (100 oscillations/min). Incubations were initiated by the addition of the suspension of tubules and terminated at 60 min by the addition of 0.4 ml HCIO, (20%, w/v). The mixture was centrifuged to remove protein and the supernatant was neutralized with KOH. The precipitate of KCIO, was removed by centrifugation at 13800 g for 5 min.
Neutralized extracts were used for assay of metabolites.
Blood flow and arteriovenous concentration difference measurements
Sham-operated and septic rats were anaesthetized with Inactin (120 mg/kg body weight). Animals were surgically prepared as previously described [28] . Labelled p-aminohippurate (p-[glycyl-1 -'4C]aminohippurate; 4 1 mCi/ mmol) was dissolved in saline (1 50 mmol/l NaCI) and infused at a rate of 0.01 pCi mi^' 100 g-I body weight through a tertiary branch of the mesenteric vein using a 30-gauge needle. After a 30 min equilibration period, urine was collected into paired 1.5 ml microfuge tubes for 15 min with blood samples drawn from the renal vein, inferior vena cava and carotid artery at the midpoint. The blood samples were analysed as described below. In addition, isotopic p-[I4C]aminohippurate was monitored by liquid scintillation spectrometry of plasma and urine samples. Renal plasma flow was calculated from the amount of p-aminohippurate excreted per min divided by the arteriovenous concentration difference multiplied by the urine flow. Blood flow was obtained from the plasma flow and the packed cell volume was determined in arterial blood. Renal blood flow was expressed as ml min-' 100 g-' body weight, and metabolite exchange rates by the kidney were expressed as nmol min-' 100 g-' body weight. Blood samples (0.4-0.6 ml) were quickly added to 1.0 ml of ice-cold HC10, (loo/,, v/v) and used for the determination of glucose, lactate, glutamine and alanine after deproteinization and neutralization as previously described (see [26] ).
Determination of the concentrations of metabolic intermediates, plasma insulin, plasma glucagon and of nitrogen balance
Concentrations of metabolites in neutralized extracts of kidneys, renal tubules plus medium, and plasma were determined spectrophotometrically (with a Beckman DU-6 recording spectrophotometer) by standard enzymic methods as previously described [22] . Non-esterified fatty acids were determined by the method of Shimizu et al. [29] . Plasma insulin and glucagon were measured by radioimmunoassay and radioimmunoassay kits were obtained for insulin from Diagnostic Products Corporation (Los Angeles, CA, U.S.A.) and for glucagon from ICN Biomedicals, Inc. (Los Angeles, CA, U.S.A:). Fructose 2,6-bisphosphate was measured in renal extracts by means of stimulation of pyrophosphate-dependent phosphofructokinase (EC 2.7.1.90), purified from potato tubers as described by Van Schaftingen et al. [30] .
Nitrogen balance measurements were made over the 48 h after caecal ligation or laparotomy as previously described (see [ 181) .
RESULTS
The results presented in Table 1 provide detailed information on the characteristics of septic rats used in the present work (see the Discussion). Septic rats exhibited a similar decrease (1 1.8%) in body weight to that of shamoperated controls (12.4%) ( Table 1 ). Sepsis at 48 h after caecal ligation resulted in increases in rectal temperature ( + 2.03"C), heart rate (21.3%, P< 0.01) and cardiac output (26.3%, P < O . O l ) but there were no marked changes in mean arterial pressure (Table 1) . Both sham-operated and septic rats exhibited negative nitrogen balance with septic rats excreting more urinary nitrogen than controls (Table 1) . Sepsis increased the blood concentrations of pyruvate, lactate and alanine by 155, 103 and 176%, respectively. Sepsis decreased the concentration of blood ketone bodies by 50% (Table 1) . Sepsis had no effect on the concentrations of blood glucose and plasma nonesterified fatty acids (Table 1) . Sepsis increased the plasma conccntrations of insulin and glucagon by 1 16 and 223%, respectively (Table 1) .
Maximal enzyme activities
The maximal activities of key enzymes of the pathways of glycolysis and gluconeogenesis in kidneys of shamoperated and septic rats are presented in Table 2 . Sepsis decreased the activities of glucose-6-phosphatase (EC Table 2) . These findings suggest a diminished renal gluconeogenic capacity. Moreover, sepsis decreased the maximal activities of 6-phosphofructokinase (2.7.1.1 1) and pyruvate kinase (EC 2.7.1.40) but not that of hexokinase (EC 2.7.1.1)( Table 2 ) .
Concentrations of metabolic intermediates
Sepsis increases the concentrations of the most of the metabolic intermediates involved in the pathway of renal gluconeogenesis (Table 3 ). The largest increases were in the concentrations of fructose 6-phosphate (350%), lactate (247%) and glucose 6-phosphate ( 133%). The increase in the concentration of lactate is consistent with the suggestion made above and the capacity for renal gluconeogenesis is decreased in sepsis. Furthermore, sepsis decreased the total concentration of adenine nucleotides by more than 34% ( normal fed control rats) to 0.63 and 0.49 for sham-operated and septic rats, respectively. In addition, the ATP/ AMP concentration ratio fell from 2.06 in sham-operated rats to 0.94 in septic rats. These changes are consistent with previous reports (e.g. [31] ) and may cause changes in the NAD+/NADH ratio in favour of gluconeogenesis.
Rates of renal glucose production in vitro and in vivo
The rates of glucose synthesis in isolated renal tubules from sham-operated and septic rats in the presence of various gluconeogenic precursors are presented in Table  4 . Sepsis decreased markedly the rates of glucose synthesis from various precursors in renal tubules except in the case of glutamine. The latter finding is unexpected since the carbons of glutamine follow the same pathway as those of glycerol. Further work is needed in this respect.
Arteriovenous concentration differences across the renal bed showed a net production of glucose with a net uptake of lactate, glutamine and alanine ( Table 5 ) . Sepsis decreased the arteriovenous concentration difference for glucose (25.8%), lactate (59.3%) and alanine (64.5%), but 48 f 11 (7) Glycerol (5 mmol/l) 4 3 f 9 ( 6 ) 3 1 f 4 (6)* increased that for glutamine (37.9%) ( Table 5 ). The fate of the increased renal glutamine uptake in response to sepsis requires further work. Calculation of the rates of precursor utilization or metabolite production from arteriovenous concentration differences and blood flow showed that sepsis decreased the rates of production of glucose (33.9%) and the rates of removal of lactate and alanine (Table 5 ). Table 5 . Renal blood flow, arteriovenous concentration difference and net rates of exchange of glucose, lactate, glutamine and alanine across the renal beds of sham-operated and septic rats Measurements and calculations were performed as described in the Materials and methods section. Values are presented as m e a n s k s~ with n being the number of animals used. A negative sign indicates net release. Statistical significance (Student's t-test): * P < 0.05, **P< 0.005, ***P<O.OOl compared with sham-operated rats.
Blood flow Metabolite Arteriovenous difference Net rates of utilization (ml min-' 100g-' bodywt.) (nmol/ml of blood) or production (nmol min ~ 100 g-I body wt. 
DISCUSSION
The experimental animal model of sepsis used in the present work is considered to be a moderate form of sepsis (see [20] ). Septic rats were not hypothermic or shocked; nevertheless they displayed physical symptoms of sepsis: lack of movement, piloerection, diarrhoea and a variable amount (usually 5-10 ml) of foul smelling, yellow-brown fluid contained in the peritoneal cavity. The microbial flora closely approximated that of peritonitis in man (see [32] ), thus indicating that this procedure provides a suitable model of human disease.
Sepsis increased the blood level of lactate as early as 12 h (results not shown) but never reached values that could be classified as lactic acidosis (i.e. > 5 mmol/l); this is consistent with recent reports describing a similar form of sepsis [ 11, 181. Moreover, there was no change in blood glucose level in septic rats, indicating that the animals did not go through the late hyperdynamic septic state as described by Chaudry et al. [32] . Despite this, the plasma level of insulin was raised (Table l) , which suggests that insulin resistance is present in septic rats, as found by others (e.g. [ l l , 33, 341). However, recent work has demonstrated that there were no changes in the sensitivities of glycolysis or glycogen synthesis to insulin in incubated soleus muscles obtained from septic or endotoxaemic rats [35] , and it was suggested that insulin resistance in vivo is caused by increased levels of fatty acids inhibiting glucose utilization, that is via the glucose-fatty acid cycle [35] . However, in the present work, sepsis caused no change in the concentration of plasma fatty acids (Table 1) . Hence, another mechanism for the insulin resistance must be sought.
The results of the present work demonstrate, for the first time, that sepsis decreases the rate of renal gluconeogenesis. This is supported by changes in the maximal activities of key gluconeogenic enzymes in vitro, concentrations of intermediates in the pathway of gluconeogenesis in vivo, rates of glucose synthesis from various precursors by incubated renal tubules, and blood flow plus arteriovenous concentration difference measurements across the renal bed of septic rats (Tables 2, 3 , 4 
and 5).
The liver is usually considered to be the major organ for gluconeogenesis, but, during the last few years, the kidney has been shown to play an important role (for a review see [ 191) . Several studies have demonstrated that the kidney contributes as much as 25% to the maintenance of blood glucose under normal fed conditions [6] , as much as 50% after 24 h starvation or diabetes [6, 71 , and as much as 90% when hepatic gluconeogenesis is impaired [14, 15, 171 . However, the precise mechanism(s) for the increase in the rate of renal gluconeogenesis that occurs during starvation or in pathological conditions, such as diabetes and/or metabolic acidosis, is unclear [ 19, 36, 371 . In the present work, sepsis causes increases in the concentrations of some key gluconeogenic intermediates (Table 3) . Taken together with the decreased rates of renal gluconeogenesis in septic rats (Tables 4 and 5 ) , the increased level of pyruvate suggests decreased activity of pyruvate carboxylase and/or increased activity of pyruvate kinase. In addition, the increased concentration of fructose 1,6-bisphosphate indicates a decreased activity of fructose-l,6-bisphosphatase and/or decreased activity of 6-phosphofructokinase, and the increased level of glucose 6-phosphate indicates a decreased activity of glucose-6-phosphatase and/or increased activity of hexokinase. The data on maximal enzyme activities (Table 2) suggest that the decreases in the maximal activity of phosphoenolpyruvate carboxykinase, pyruvate carboxylase, fructose-1,6-bisphosphatase and glucose-6-phosphatase may play some role in decreasing the flux through the pathway of renal gluconeogenesis. It is interesting to note that activities of the key glycolytic enzymes are also decreased, that is hexokinase, 6-phosphofructokinase and pyruvate kinase. This suggests, first, that decreased rates of protein synthesis may be responsible for these changes in maximal enzyme activities and secondly, that factors other than changes in maximal activities may play some role in decreasing the rate of renal gluconeogenesis in septic animals. The changes in the concentrations of allosteric regulators of some of these enzymes are consistent with decreases in the activities of gluconeogenic enzymes and increases in those of glycolytic enzymes. Thus, the activities of 6-phosphofructokinase and pyruvate kinase would be expected to be increased by the decreased concentration of ATP and the increased concentration of fructose 1,6-bisphosphate (see Table 3 ), and the decrease in the concentration of acetyl-CoA may be expected to decrease the activity of pyruvate carboxylase.
It was expected that the concentration of fructose 2,6-bisphosphate would be increased in the kidney cortex of septic rats since this would be expected to inhibit fructose-1,6-bisphosphatase and to activate 6-phosphofructokinase [38-401. However, the small increase in the concentration of fructose 2,6-bisphosphate in the kidneys of septic rats (16%) was not statistically significant (Table   It is known that metabolic and, to a lesser extent, respiratory acidosis increase renal gluconeogenesis (for a review see [41] ). The mechanism by which acidosis stimulates gluconeogenesis is unclear but is probably related to the effect of lowered extracellular pH. Septic rats had mild respiratory alkalosis (blood pH values were 7.60 f 0.02 and 7.52 + 0.04 for septic and sham-operated rats respectively, means k SD, five rats in each group). This increase in pH could also play a role in the decreased rate of renal gluconeogenesis in septic rats.
The results of the present work suggest that the diminished rates of renal gluconeogenesis in septic rats could be the result of changes in the activities of pyruvate carboxylase, phosphoenolpyruvate carboxykinase, fructose-1,6-bisphosphatase and glucose-6-phosphatase with inhibition of 6-phosphofructokinase and pyruvate kinase. The elevated plasma insulin concentration in the septic rats of the present work is likely to be due to the stimulation of pancreatic secretion by bacterial product( s) [42] . Insulin is known to decrease hepatic gluconeogenesis by its short-term actions via the activation state of key enzymes and by long-term regulation of the enzyme concentration; however, whether this occurs in renal gluconeogenesis or not requires further work. Although plasma glucagon is also altered (Table 1) in septic rats, its stimulatory action on renal gluconeogenesis may be antagonized by the increase in plasma insulin, as is the case in the liver. Several allosteric regulators could be involved; however, other factors cannot be excluded (e.g. toxins). 3 1.
